The purpose of this study was to determine the relationship between Rho-associated kinase (ROCK) activity and aortic stiffness in humans.
The small guanosine triphosphatase (GTPase) Rho works as a switch and plays an important role in various cellular physiologic functions, including actomyosin-based cellular processes such as cell adhesion, migration, motility, cytokinesis, and contraction, all of which may be involved in the pathogenesis of atherosclerosis (1) . There is growing evidence that Rho-associated kinase (ROCK) (also known as Rho-kinase), the immediate downstream target of the small GTP-binding protein Rho, contributes to endothelial dysfunction and vascular disease (2) (3) (4) (5) (6) . Indeed, recent clinical evidence has demonstrated that ROCK is significantly activated in patients with coronary vasospasm (7), hypertension (8) , and stable-effort angina (9) and even in current smoking subjects (10, 11) . ROCK, therefore, is becoming a new therapeutic target in cardiovascular disease. ROCK physiologically plays a key role in vasoconstriction. It activates myosin light chain kinase by phosphorylation of the myosin-binding subunit in myosin light chain phosphatase, leading to contraction of vascular smooth muscle cells (VSMC) (12, 13) . Thus, the vasoconstriction mediated by ROCK is dependent on Ca 2ϩ sensitization but independent of Ca 2ϩ concentration. Earlier studies have known that vascular dysfunction, including endothelial and VSMC dysfunction, is associated with cardiovascular risk factors such as aging, smoking habit, and oxidative stress (14, 15) , but little is known about the underlying correlations of ROCK with cardiovascular risk factors. In addition, there is no clinical evidence of a relationship between ROCK and oxidative stress, although recent studies have revealed a relationship between endothelial dysfunction and ROCK (3, 4, 11, 16) and between endothelial dysfunction and oxidative stress (17, 18) . Several recent studies have provided evidence that reactive oxygen species activate the Rho/ ROCK pathway (19, 20) . Indeed, we previously showed that there is a significant relationship between endothelial dysfunction and increased ROCK activity in young current smokers, which might be considered as a human model of excess oxidative stress compared with young nonsmokers (11) . Taken together, these findings indicate that reactive oxygen species may play an important role in activation of ROCK in humans.
Epidemiologic and clinical studies have shown that impaired aortic stiffness, which can be assessed noninvasively by measurement of pulse wave velocity (PWV), is an independent marker to estimate subjects with cardiovascular disease (21, 22) . The PWV depends on arterial wall structure, mainly collagen and elastin, and arterial function (23) . The elastic properties of the aorta and central arteries are the major determinants of systemic arterial impedance, and PWV measured along the aortic and aortoiliac pathway is the most clinically relevant.
To determine the roles of ROCK and oxidative stress in the pathogenesis of impaired aortic stiffness, we evaluated whether oxidative stress is related to ROCK activity and subsequently to aortic stiffness in humans.
Methods

Subjects.
We studied 51 healthy male subjects (mean age 45.6 Ϯ 3.0 years). Subjects with a history of hypertension, hypercholesterolemia, or diabetes mellitus were excluded. Normal blood pressure was defined as systolic blood pressure of Ͻ140 mm Hg and diastolic blood pressure of Ͻ85 mm Hg. The results of physical and routine laboratory examinations of the subjects were normal. None of the subjects were taking oral antioxidant vitamins or vasoactive drugs. Current smokers were defined as any who had smoked at least 1 pack-year. One pack-year was defined as 20 cigarettes per day for 1 year. All of the smokers (35.2 Ϯ 5.2 pack-years) had a current smoking history of more than 5 years and abstained from smoking for at least 3 h before the forearm blood flow (FBF) measurements. We defined nonsmokers as those who had never smoked. The study protocol was approved by the Ethical Committee of Hiroshima University Graduate School of Biomedical Sciences. Informed consent for participation in the study was obtained from all subjects. Procedures. Forearm vascular response to sodium nitroprusside (SNP) (Maluishi Pharmaceutical Co., Tokyo, Japan) alone, acetylcholine (ACh) (Daiichi Pharmaceutical Co., Tokyo, Japan) alone, and fasudil (Asahi Chemical Industries, Tokyo, Japan) alone and after co-infusion of N G -monomethyl-L-arginine (L-NMMA) (Sigma Chemical Co., St. Louis, Missouri), were evaluated. The study began at 8:30 AM with the subjects in the fasting condition. A 23-gauge polyethylene catheter (Hakkow Co., Tokyo, Japan) was inserted into the left brachial artery for the infusion of each drug and for the recording of arterial pressure with an AP-641G pressure transducer (Nihon Kohden Co., Tokyo, Japan) under local anesthesia (1% lidocaine). Another catheter was inserted into the left deep antecubital vein to obtain blood samples.
After 30 min in the supine position, we measured basal FBF and arterial blood pressure. Then forearm vascular response to SNP, a direct vasodilator of VSMCs, ACh, an endothelium-dependent vasodilator, and fasudil, a specific ROCK inhibitor, on forearm hemodynamics were measured. The SNP (0.75, 1.5, or 3.0 g/min), ACh (3.75 or 7.5 g/min), and fasudil (3, 10, or 30 g/min) were infused intra-arterially for 5 min at each dose. The FBF was measured during the last 2 min of the infusion. The infusions of SNP, ACh, and fasudil were carried out in a randomized fashion. Each study proceeded after the FBF returned to baseline.
After a 30-min rest period, L-NMMA, an inhibitor of nitric oxide synthase, was infused intra-arterially at a dose of 8 mol/min for 5 min, and fasudil was administered 5 min after the initiation of L-NMMA.
To evaluate the relationship among ROCK activity, oxidative stress, and aortic stiffness, we studied 35 healthy male subjects (mean age 45.0 Ϯ 3.6 years), whose prespecified entry criteria are identical to that described in the preceding. Number of pack-years smoked in smokers was 29.0 Ϯ 6.6 pack-years. The PWV was measured in the supine position after 15 minutes of bed rest, and then forearm vasodilative responses to SNP alone, ACh alone, and fasudil alone and after co-infusion of L-NMMA, were evaluated in a manner identical to that described in the preceding text. Measurement of FBF. The FBF was measured with a mercury-filled Silastic strain-gauge plethysmography (EC-5R, D. E. Hokanson, Issaquah, Washington) as previously described (11, 18) . Measurement of PWV. Aortic compliance was assessed noninvasively on the basis of Doppler ultrasound measurements of PWV along the descending thoracoabdominal aorta as previously published and validated (24) . Briefly, Noma et al. February 13, 2007:698-705 ROCK, Oxidative Stress, and Aortic Stiffness carotid-femoral PWV (cf-PWV), an index of arterial stiffness, was determined by 2 pressure sensors, placed on the right femoral and left carotid arteries to record each pulse wave simultaneously, and the time lag (t) between the notches of the 2 waves, using a pulse wave velocimeter (Form PWV/ABI, model BP-203RPE, Colin Co., Aichi, Japan). The distance (D) between the 2 recording sensors was calculated automatically from the value of individual height. The PWV value was calculated as PWV ϭ D/t. The PWV was measured for 5 consecutive pulses, and averages were used for analysis. The observer was blind to the form of the examination. Analytical methods. Routine chemical methods were used to determine serum concentrations of total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, glucose, and insulin. The serum concentration of malondialdehyde-modified low-density lipoprotein (MDA-LDL) was assayed by ELISA (antiMDA-LDL antibody, SRL Co., Atsugi, Japan). Fasting concentrations of insulin and glucose were used to determine homeostatic model of assessment (HOMA) parameters of insulin resistance using a program based on the HOMA algorithm (insulin resistance ϭ insulin/22.5e ϪIn glucose ), as previously described (25) . Statistical analysis. Results are presented as mean Ϯ SEM. Values of p Ͻ 0.05 were considered to indicate statistical significance. Comparisons of time-course curves of variables during the infusion of SNP alone, ACh alone, and fasudil alone and after co-infusion of L-NMMA, were analyzed by analysis of variance (ANOVA) for repeated measures with Bonferroni correction to baseline. The ROCK activity was expressed as the percentage in the ratio of fasudil-stimulated maximal FBF relative to the immediately preceding basal FBF. Spearman rank correlation was used to compare ROCK activity before or after co-infusion of L-NMMA with age, body mass index (BMI), systolic blood pressure, diastolic blood pressure, heart rate, serum concentration of total cholesterol, HDL cholesterol, triglycerides, mean fasting glucose, insulin, MDA-LDL, and number of pack-years smoked. The analysis was also used to compare the ratio of SNP-stimulated maximal FBF to basal FBF or ACh-stimulated maximal FBF to basal FBF (endothelial function) with the variables and to compare the PWV with the variables in which endothelial function and ROCK activity before or after L-NMMA were added. Multivariate analysis using multiple stepwise regression was performed to determine the significant correlation of ROCK activity before or after co-infusion of L-NMMA and of PWV with variables which showed a p value of Ͻ0.1 in Spearman correlation analysis. Multivariate analysis was performed with the Statistical Analysis System program package (SAS Institute, Cary, North Carolina). The data were analyzed using the software package StatView V (SAS Institute) and Super ANOVA (Abacus Concepts, Berkley, California).
Results
Clinical characteristics.
The baseline clinical characteristics of the subjects are summarized in Table 1 . Effects of FBF responses to SNP, ACh, and fasudil. Intra-arterial infusion of SNP significantly increased FBF in a dose-dependent manner by ANOVA for repeated measurements (6.1 Ϯ 0.3 ml/min to 31.1 Ϯ 1.4 ml/min per 100 ml tissue; p Ͻ 0.01) (Fig. 1) . Intra-arterial infusion of ACh also significantly increased FBF in a dose-dependent manner by ANOVA for repeated measurements (7.7 Ϯ 0.6 ml/min to 16.6 Ϯ 1.5 ml/min per 100 ml tissue; p Ͻ 0.01) (Fig. 2) . Intra-arterial infusion of fasudil significantly increased FBF in a dose-dependent manner alone and after co-infusion of L-NMMA by ANOVA for repeated measurements (7.0 Ϯ 0.4 ml/min to 12.3 Ϯ 0.6 ml/min per 100 ml tissue, 5.2 Ϯ 0.4 ml/min vs. 10.3 Ϯ 0.7 ml/min per 100 ml tissue, respectively; p Ͻ 0.01) (Fig. 3) . No significant change was observed in arterial blood pressure or heart rate during intra-arterial infusion of any drugs. Correlations with ROCK activity before and after L-NMMA. ROCK was significantly correlated with age (r ϭ 0.64; p Ͻ 0.001), systolic blood pressure (r ϭ 0.44; p Ͻ 0.01), serum concentration of total cholesterol (r ϭ 0.41; p Ͻ 0.01), and number of pack-years smoked (r ϭ 0.52; p Ͻ 0.001). The ROCK activity after co-infusion of L-NMMA was significantly correlated with age (r ϭ 0.64; p Ͻ 0.01), systolic blood pressure (r ϭ 0.40; p Ͻ 0.01), serum concentration of total cholesterol (r ϭ 0.47; p Ͻ 0.01), and number of pack-years smoked (r ϭ 0.49; p Ͻ 0.01). The ROCK activity before or after co-infusion of L-NMMA was not correlated with other parameters. The correlations between ROCK activity before or after co-infusion of L-NMMA and variables are summarized in Table 2 . Stepwise multiple regression analysis was carried out to identify the independent predictors of ROCK activity before or after co-infusion Baseline Clinical Characteristics in the Subjects 
of L-NMMA. For multiple regression analysis, variables showing a p value of Ͻ0.1 in Spearman correlation analysis were selected; age, systolic blood pressure, serum concentration of total cholesterol, and number of pack-years smoked were entered as candidates for independent variables. Stepwise multiple regression analysis revealed that age (standardized r ϭ 0.36) and number of pack-years smoked (standardized r ϭ 0.39) were independent predictors of ROCK activity (multiple R 2 ϭ 0.43; p Ͻ 0.01) and that age (standardized r ϭ 0.34) and number of pack-years smoked (standardized r ϭ 0.35) were independent predictors of ROCK activity after co-infusion of L-NMMA (multiple R 2 ϭ 0.37; p Ͻ 0.01). The serum concentration of MDA-LDL was significantly correlated with ROCK activity before and after co-infusion of L-NMMA (r ϭ 0.57 and r ϭ 0.51, respectively; p Ͻ 0.01).
Correlations with maximal FBF response to SNP. There was no variable that was significantly correlated with the ratio of SNP-stimulated maximal FBF to basal FBF ( Table 3 ). The serum concentration of MDA-LDL was also not significantly correlated with FBF response to SNP (r ϭ Ϫ0.04; p ϭ 0.81).
Correlations with endothelial function. Endothelial function was significant correlated with age (r ϭ Ϫ0.55; p Ͻ 0.01), serum concentration of total cholesterol (r ϭ Ϫ0.67; p Ͻ 0.01), and number of pack-years smoked (r ϭ Ϫ0.59; p Ͻ 0.01) ( Table 4 Table 5 . For multiple regression analysis, variables showing a p value of Ͻ0.1 in Spearman correlation analysis were selected; age, systolic blood pressure, serum concentration of total cholesterol, number of pack-years smoked, endothelial function, and ROCK activity before or after L-NMMA, were entered as candidates for independent variables. Stepwise multiple regression analysis revealed that age (standardized r ϭ 0.71) and ROCK activity (standardized r ϭ 0.27) were independent predictors of cf-PWV (multiple R 2 ϭ 0.79; p Ͻ 0.01) and that age (standardized r ϭ 0.51) and ROCK activity after coinfusion of L-NMMA (standardized r ϭ 0.54) were independent predictors of cf-PWV (multiple R 2 ϭ 0.91; p Ͻ 0.01). In addition, the serum concentration of MDA-LDL was significantly correlated with cf-PWV (r ϭ 0.57; p Ͻ 0.01).
Discussion
In the present study, there were significant relationships between ROCK activity and age, systolic blood pressure, serum concentration of total cholesterol, and number of pack-years smoked in healthy male subjects. In multivariate analysis, age and number of pack-years smoked were independent predictors of ROCK activity among the candidates that were correlated with ROCK activity. In addition, the concentration of serum MDA-LDL, one of the established markers of oxidative stress, was correlated with ROCK activity. To the best of our knowledge, this is the first study to provide clinical evidence revealing significant involvement of ROCK activity with age, accumulating current smoking habit, and oxidative stress in humans.
Recently, increasing evidence has indicated that ROCK is significantly associated with the regulation of not only endothelial nitric oxide synthase (eNOS) expression but also eNOS phosphorylation, both of which are important mechanisms for regulating endothelial function and subsequent cardiovascular injury (2) (3) (4) 16 Table 1 . Abbreviations as in Table 1 .
Correlations Between Endothelial Function and Variables
Correlations Between ROCK Activity Before and After L-NMMA and Variables and increased ROCK activity in current smokers (11) . The results of the present study show that aging and cigarette smoking are involved in an increase in ROCK activity, which might be partly explained by the significant correlation between ROCK and endothelial function. Our results are supported by several recent studies showing that aging is significantly related to activation of the Rho/ROCK pathway (26, 27) . Those findings suggest that activation of ROCK is involved in several aspects of the atherosclerotic process, including endothelial dysfunction. Fasudil, which competes with adenosine 5'-triphosphate (ATP) for binding to ATP-dependent kinase domains, has recently been shown to be a potent and specific inhibitor of ROCK (5, 6, 28) . ROCK activity in humans has been investigated in several previous studies using fasudil (8, 29) . Masumoto et al. (7) . demonstrated that ROCK activity, evaluated by the vasodilative response to fasudil, is increased at the segment of coronary vasospasm in patients with vasospastic angina. In addition, we evaluated ROCK activity after co-infusion of L-NMMA to assess ROCK activity in the forearm vasculature. Although it is not clear whether ROCK activity before or after co-infusion of L-NMMA is appropriate for assessing ROCK activity, ROCK activity after co-infusion of L-NMMA may be appropriate for precise assessment of ROCK activity because it may avoid the contribution of endogenous nitric oxide to ROCK in VSMC. Interestingly, we could not find a significant correlation of forearm vasodilatory response to SNP with the variables in this study, which is in accordance with previous evidence (8, 18) . This discrepancy between the vasodilative effects of fasudil and SNP may be due to the different pharmacologic mechanisms of the drugs, dependency on Ca 2ϩ sensitivity, or Ca 2ϩ concentration in VSMC. One of the novel findings in the present study is that ROCK activity, but not endothelial function, is one of the independent predictors of increased PWV, indicating that ROCK is significantly involved in the pathogenesis of aortic stiffness. Aortic stiffness has been shown to be closely associated with cardiovascular risks (22, 24, 30) and to be a significant predictor of cardiovascular morbidity and mortality in subjects with a smoking habit, hypertension, endstage renal disease, and aging (21, 31, 32) . Of great interest are the results of a recent study by Willum-Hansen et al. (33) showing that PWV predicted a composite of cardiovascular outcomes over a median follow-up period of 9.4 years beyond 24-h mean arterial pressure and other traditional risk factors such as gender, age, BMI, current smoking habit, and alcohol intake in middle-aged and elderly individuals, results that are significant from the point of view of clinical benefit. According to previous studies, ROCK plays an important role in atherosclerotic processes, especially in VSMC (5, 6, 12, 13, 28) , indicating that ROCK modulates VSMC function via several kinds of mechanisms, including regulation of Ca 2ϩ sensitivity, which may explain the discrepancy in the results of the present study showing that ROCK activity but not endothelial function is an independent predictor of PWV.
Oxidative stress is known to be crucial for the development of cardiovascular disease and subsequent mortality (15, 34) . In the present study, we measured the concentration of serum MDA-LDL to evaluate the contribution of oxidative stress to ROCK activity and aortic stiffness. Thus, the significant correlations of ROCK activity with age and number of pack-years smoked may be evoked partly through excess oxidative stress. Indeed, several investigators have demonstrated a possible correlation of ROCK with oxidative stress in in vitro and in vivo studies (20) . Consequently, it is feasible that oxidative stress is significantly correlated with ROCK activity and further aortic stiffness in the present study. Collectively, these findings support our hypothesis that activation of ROCK in VSMC leads to impaired aortic stiffness, although we could not determine from the results of the present study whether increased ROCK activity causes oxidative stress or whether oxidative stress caused by various variables such as aging and accumulating smoking habit leads to increased ROCK activity. Furthermore, endothelial dysfunction, which is significantly related not only to excess oxidative stress but also to activated ROCK, may also be an important mechanism of impairment of aortic stiffness. Although the precise mechanism remains to be determined, ROCK plays a critical role in the modulation of aortic stiffness through a pathway in which oxidative stress is involved. Study limitations. Although, we obtained the striking finding that aortic stiffness significantly correlates with ROCK and oxidative stress, several limitations remain in the present study. It has been shown that creatinine clearance is negatively associated with PWV in subjects with moderate reduction of creatinine clearance (35) . Although serum concentrations of creatinine in all subjects in this study were normal (Ͻ106 mol/l), additional data on the Correlations Between Pulse Wave Velocity and Variables Noma et al. February 13, 2007:698-705 ROCK, Oxidative Stress, and Aortic Stiffness correlation of creatinine clearance with ROCK or PWV might make the results more plausible. In addition, recent studies have revealed significant relationships between aortic stiffness and several candidates such as serum highsensitivity C-reactive protein (hs-CRP) and criteria for the diagnosis of the metabolic syndrome (36 -38) . Indeed, it has been shown that CRP activates ROCK, leading to plasminogen activator inhibitor-1 expression and atherothrombogenesis in vitro. Those findings suggest that serum level of hs-CRP may correlate with ROCK activity and may cause the elevation of PWV in humans (39) . In the present study, waist circumference was not measured. The BMI was measured in all subjects instead of waist circumference, and BMI was Ͻ30 kg/m 2 in all subjects. Accordingly, our results might not have been greatly influenced by the lack of measurement of waist circumference. It is thought that many disorders of biologic and physiologic factors are related to impaired aortic stiffness. Therefore, further investigations are required to clarify the precise mechanism underlying impairment of aortic stiffness. Conclusions. We have demonstrated that ROCK activity in the forearm vasculature is significantly associated with age and number of pack-years smoked and that increased cf-PWV is significantly related to age and ROCK activity. In addition, excess oxidative stress is significantly correlated with increased ROCK activity and PWV. These findings suggest that excessive oxidative stress might be involved in increased ROCK activity in the vasculature, leading to impaired aortic stiffness, and that not only oxidative stress but also ROCK might be vital therapeutic targets for cardiovascular protection.
